Growth and electrophysiological studies in roots of intact diclofop-methyl susceptible and resistant seedlings were conducted to test the hypothesis that the herbicide acts primarily as a proton ionophore. The ester formulafton of diclofop, at 0.2 micromolar, completely inhibited root growth in herbicide-susceptible oat (Avena Lucas et al. (16) and later revised by Wright and Shimabukuro (25), the ester form of diclofop crosses the plasmalemma and is rapidly hydrolyzed to the free acid form. This undissociated acid then releases a proton on the cytoplasmic side of the membrane. The deprotonated anionic species then moves back across the plasmalemma to the apoplasmic side in response to the root-cell Em (inside negative) and is again protonated. This cycle is repeated until the proton gradient is dissipated and could eventually lead to a reduction in cellular ATP levels by short circuiting the proton-translocating plasmalemma ATPase. The diclofop concentration causing half-maximal depolarization of the Em in excised and peeled oat coleoptiles was determined to be 10 to 20 jtM (25) . Ratterman and Balke (20) 
ophore, carbonyl cyanide m-chlorophenylhydrazone (CCCP) (50 nanomolar), inhibited growth by only 31%, 96 hours after treatment, while the same CCCP exposure depolarized the resting potential by an average of 32 millivolts. Thus, the protonophore hypothesis cannot account for a differential membrane response to phytotoxic levels of diclofop-methyl in two susceptible species. From the results of others, much of the evidence to support the protonophore hypothesis was obtained using high concentrations of diclofop acid (100 micromolar). At a similar concentration, we also report a rapid (3 minute) diclofop-induced depolarization of the membrane potential in roots of susceptible oat and maize, moderately tolerant barley (Hordeum vulgare L.), and resistant pea (Pisum sativum L.) seedlings. Moreover, 100 micromolar diclofop acid inhibited growth in excised cultured pea roots. In contrast, 100 micromolar diclofop-methyl did not inhibit root growth. Since the membrane response to 100 micromolar diclofop acid does not correspond to differential herbicide sensitivity under field conditions, results obtained with very high levels of diclofop acid are probably physiologically irrelevant. The results of this study suggest that the effect of diclofop-methyl on the membrane potentials of susceptible species is probably unrelated to the primary inhibitory effect of the herbicide on plant growth.
Diclofop-methyl' is a selective postemergence aryloxy phenoxy propionic acid herbicide primarily used to control wild oat (Avena fatua L.) and other annual graminaceous ' Abbreviations: diclofop-methyl, methyl(±) weeds in wheat, barley, and soybean. Currently, two mechanisms have been proposed to account for the primary activity of diclofop-methyl and other aryloxy phenoxy propionic acid herbicides. One model is based on the specific binding of these herbicides to acetyl-CoA carboxylase, a plastid-localized enzyme involved in the synthesis of fatty acids. The I50 (concentration causing 50% inhibition) for diclofop was determined to be 0.1 Mm in isolated oat chloroplasts (21) . An inhibitory effect on fatty acid synthesis would, subsequently, block the production of membrane lipids, eventually causing cellular destruction, particularly in rapidly growing meristematic regions. A number of in vivo (7, 8) and in vitro (2, 12, 21) studies have provided evidence to support this hypothesis.
A second model suggests that the effect of diclofop, and perhaps other aryloxy phenoxy propionic acid herbicides, can be explained by their action as a specific ionophore that shuttle protons across the plasmalemma. According to this model, first proposed by Lucas et al. (16) and later revised by Wright and Shimabukuro (25) , the ester form of diclofop crosses the plasmalemma and is rapidly hydrolyzed to the free acid form. This undissociated acid then releases a proton on the cytoplasmic side of the membrane. The deprotonated anionic species then moves back across the plasmalemma to the apoplasmic side in response to the root-cell Em (inside negative) and is again protonated. This cycle is repeated until the proton gradient is dissipated and could eventually lead to a reduction in cellular ATP levels by short circuiting the proton-translocating plasmalemma ATPase. The diclofop concentration causing half-maximal depolarization of the Em in excised and peeled oat coleoptiles was determined to be 10 to 20 jtM (25) . Ratterman [pH 7.4] ) significantly reduced the steady-state H+ gradient generated in the presence ofATP, yet neither compound affected the rate of ATP or PPi hydrolysis by proton-pumping tonoplast enzymes.
Although diclofop clearly depolarizes the Em and dissipates the proton gradient in the experimental systems described above, the use ofthis model does not effectively explain results reported by a number of other researchers. For example, ring hydoxylated diclofop, a weak or nonherbicidal metabolite of diclofop in plants (22) , was demonstrated by Ratterman and Balke (20) to be equally as effective a protonophore as diclofop acid. In addition, Hoppe and Zacher (9) demonstrated the de novo fatty acid biosynthesis in isolated maize chloroplasts was more than 40 times more sensitive to R(+)-than to S(-)-stereoisomer of diclofop acid. This agrees with the low herbicidal activity of the S(-)-enantiomer in vivo. In contrast, Ratterman and Balke (20) reported that both enantiomers similarly dissipated nonmetabolic H+ gradients across vesicle membranes. Since it is widely recognized that proton ionophores, such as CCCP, FCCP, or DNP, dissipate the proton gradient in any biomembrane, it seems unlikely that the protonophore model can be used to explain aryloxy phenoxy propionic acid resistance in dicots. Based on these and other discrepancies, it is unlikely that the proton ionophore model plays a significant role in the mechanism or mode of action of the aryloxy phenoxy propionic acid herbicides in whole plant systems, particularly at recommended application rates.
In the present work, we investigated the long-term effect (96 h) of low, yet phytotoxic, concentrations of diclofopmethyl on the growth and Em in roots of intact oat and maize seedlings, two sensitive species. In addition, we examined the effect of high concentrations of diclofop acid (100 Mm) on the root-cell Em in intact seedlings of two sensitive species, oat and maize, a moderately tolerant species, barley, and a resistant species, pea. The electrophysiological effect of 100 uM diclofop acid on Em in roots of intact pea was compared to growth in excised and cultured pea roots at varying rates of diclofop acid (25, 40, 60, 80 , and 100 gM) and diclofopmethyl (25 and 100 AM). These results suggest that the effect ofdiclofop-methyl on the Em of susceptible species is probably unrelated to the primary inhibitory effect of the herbicide on plant growth. (24) . The crystallization dishes were covered with autoclaved aluminum foil and placed in an incubation chamber at 26°C in the dark. After 4 d, the seedlings were removed and the terminal 2 cm of roots were excised and transferred to 125-mL Erlenmeyer flasks containing 50 mL sterile White's medium and 2% sucrose at pH 5.5 (10 roots/flask; 4 flasks/treatment). The flasks were covered with aluminum foil and immediately placed in a controlled environment orbital shaker at 80 rpm and 26°C in the dark. Roots were allowed to grow for 24 h prior to addition ofdiclofop-methyl (0.2% v/v acetone) at a final concentration of 25 or 100 Mm or diclofop acid (0.2% v/v acetone) at a final concentration of 25, 40, 60, 80, or 100 Mm. Root growth was measured at 0 and 48 h after herbicide treatment.
MATERIALS AND METHODS

Plant
Electrophysiological Studies
An intact seedling was placed in a Plexiglas chamber that was attached to the stage of an Olympus compound microscope mounted on its back on the surface of a vibrationdamped table (Kinetic Systems Inc.). Seedlings were allowed to equilibrate for 30 min in 0.2 mm CaSO4, 5 mm Mes-Tris buffer (pH 6), and an equal concentration of acetone as the herbicide treatment solution. Membrane potentials were measured using a WPI model KS-750 amplifier and microelectrodes (tip diameter = 0.5 Am) made from single-barreled borosilicate glass tubing and filled with 3 M KCI (adjusted to pH 2 to reduce tip potentials). The reference electrodes were also 3 M KCl-filled micropipettes and were placed in the solution bathing the seed in order to minimize contamination of the solution bathing the root with K+ diffusing from the reference electrodes. Cells of the root epidermis and cortex were impaled 1 to 2 cm from the root apex using a hydraulically driven Narashige micromanipulator mounted on the microscope stage. In addition to measuring the effect of the herbicide on the Em, the magnitude of the K+-induced depolarizations of Em (using 50 Mm K+ as K2SO4) mediated by an active, high-affinity K+ transport system (15) were also determined. All treatment solutions contained 5 mM Mes-Tris buffer at pH 6.
In oat and barley, electrophysiological measurements were made in three sites on each of three separate roots of two seedlings. In maize and pea, measurements were made on two to three sites in primary (maize) or lateral (pea) root of three seedlings. Data are reported as means of all data points ± standard deviation.
RESULTS
Diclofop-methyl at 0.2 Mm completely arrested root growth in oat seedlings (Fig. 1) . Similar results were also obtained with 0.4, 0.8, and 2.0 Mm diclofop-methyl (data not shown). At each time interval, the average Em of nontreated oat root cortical cells was -221 mV ( Fig. 2A) Diclofop-methyl at 0.8 ,M completely inhibited maize root growth after 24 h, whereas exposure to 50 nM CCCP for 96 h resulted in only a 31% reduction in root growth (Fig. 3) . Although CCCP had only a moderate effect on root growth, its electrophysiological response in maize roots was typical to that of a protonophore (Fig. 4A) . The root-cell membrane potential of maize seedlings exposed to CCCP for 24 to 96 h was 28 to 35 mV less negative than that of control roots. Similarly, the magnitude of the K+-induced depolarization of the Em was considerably lower in CCCP treated roots than in those of control roots at each measured time interval ( (Fig. 4, A and B) . These results not only provide additional evidence suggesting that diclofop-methyl does not act as a protonophore, but also demonstrates that the diclofop-methyl-induced depolarization of the oat root-cell membrane potential does not appear to be a general response in all sensitive species. Wright and Shimabukuro (25) reported that the acid form of diclofop was much more effective than the methyl ester in depolarizing the Em in oat and wheat, a tolerant species. At 100 uM diclofop, they demonstrated a rapid 70 mV depolarization of the Em in excised and peeled oat coleoptiles, and a 58 mV depolarization of the Em in wheat coleoptiles. In our experiments, we wished to determine if this response to high concentrations of diclofop acid would also occur in another sensitive species (maize), and in a moderately tolerant (barley) or resistant species (pea). At 100 ,M, diclofop acid caused a rapid depolarization (within 3 min of exposure) of the Em in all four species tested ( Table I) . The most dramatic depolarization of the Em occurred in sensitive oat (150 mV) and tolerant barley (170 mV), while a more moderate depolarization of Em was measured in sensitive maize (65 mV) and in resistant pea (100 mV). A representative time course for the effect of 100 gM diclofop acid on the root-cell membrane potential in pea and maize roots indicates that the initial diclofop acid-induced depolarization of the Em was reversible with the removal of the herbicide from the treatment solution (Fig. 5) . Although a second exposure to diclofop acid caused a similar depolarization, the Em could not be recovered following subsequent removal ofdiclofop acid from the solution. In contrast, the diclofop acid-induced depolarization of the Em of barley and oat roots was irreversible following initial exposure to 100 Mm diclofop acid (data not shown). Finally, a 25 Mm diclofop acid treatment in pea roots did not cause a significant depolarization of the Em (data not shown).
The effect of diclofop acid on growth in excised cultured ,uM or less had no significant effect on pea root growth (Fig.   6 ). In contrast to diclofop acid, 100 ,M diclofop-methyl did not inhibit pea root growth.
DISCUSSION
Since a protonophore is, theoretically, capable ofdissipating the proton gradient across any biomembrane, it would seem logical that if diclofop-methyl acted primarily as a protonophore in leaf coleoptile cells, it would invoke a similar response in plant cells of other tissues. In these studies, using roots of intact seedlings, the results of our experiments are inconsistent with the data used to support the protonophore model proposed by Wright and Shimabukuro (25) . In oat, diclofop-methyl at the lowest concentration used (0.2 ,M) severely inhibited root growth within 24 h of treatment (Fig.  1) . However, there was no apparent affect on the Em of oat roots until 48 h after herbicide exposure (Fig. 2) . In addition, the 0.2 ,uM diclofop-methyl-induced depolarization of the Em after 48 h of treatment recovered to near control levels by 96 h, whereas root growth did not recover. This would suggest that the perturbative effect of diclofop-methyl on oat root membranes occurs subsequent to the primary inhibitory effect of the herbicide on plant growth.
In maize roots, CCCP (50 nM) exposure elicited a typical protonophore response, including a depolarization of the Em and a reduction in the magnitude of the K+-induced depolarization (Fig. 4) . A similar response did not occur with a 16-fold higher concentration of diclofop-methyl. Although diclofop-methyl inhibited root growth to a much greater extent than CCCP, it caused a hyperpolarization of the Em and an increase in the K+-induced depolarization. Thus, the primary herbicidal mechanism of action leading to growth reduction in maize roots does not appear to involve membrane wounding that would be indicated by a depolarization of Em or a reduction in the K+-induced depolarization of the Em. In addition, a protonophore would be expected to dissipate the H+ gradient in all species incapable of rapidly metabolizing the compound. Consequently, the distinctly different membrane responses in two sensitive species would also argue against diclofop-methyl acting primarily as a protonophore in sensitive grass species.
It should be noted here that we are using measurements of electrical properties of the root-cell plasmalemma as a physiological indicator of membrane disruption or perturbation. These measurements include both quantification of the overall membrane potential, and determination of the activity of a thermodynamically active, high-affinity K+ transport system, as measured by the magnitude of depolarizations of Em induced by 50 ,M K+ (14, 15) . When considering the K+ fluxes responsible for these depolarizations of Em, one should not confuse these with passive K+ fluxes mediated by K+ channels that operate mainly at higher external K+ levels. Previous work in our laboratories has demonstrated that this active, K+ transport system is sensitive to membrane perturbation (6) . Therefore, monitoring the activity of this system through measurement of K+-induced depolarizations appears to be a reasonable, albeit indirect, indicator of membrane integrity. Also, it should be noted that the diclofop-induced depolarizations of Em seen in Figures 2A, 4A , and 5 do not reflect direct effects of diclofop on the plasmalemma H+ pump, but secondary effects either on the lipid bilayer or other ion transport systems. It has been demonstrated in studies with isolated membrane vesicles that diclofop has no direct effect on either the plasmalemma or tonoplast H+ pumps (19, 20) .
Under normal field conditions, dicot species are insensitive to diclofop-methyl and other aryloxy phenoxy propionic acid herbicides at very high application rates. The results of our growth experiments also indicate differential selectivity to diclofop-methyl between dicots and monocot grass species.
Diclofop-methyl completely inhibited root growth at concentrations 0.8 gM or less in sensitive species (Figs. 1 and 3 ), but at 100 Mm the herbicide had no significant effect on pea root growth (Fig. 6 ). Only at diclofop acid concentrations 80 UM or higher was growth in pea roots dramatically reduced. Much of the evidence supporting the protonophore hypothesis involved experiments using diclofop acid at 100 gM (16, 20, 25) . In these experiments, diclofop acid dissipated the H+ gradient in oat-root vesicles (20) and rapidly depolarized the Em in Chara corallina (16) , and oat and wheat (25) coleoptiles. We demonstrated a similar response to 100 Mm diclofop acid in four species with differing field sensitivity ( Fig. 5 ; Table I ).
Since this high rate of diclofop acid does not demonstrate selectivity differences known to occur under field conditions, it suggests that diclofop acid probably does not accumulate to this high of a concentration near the plasmalemma of plant cells following normal use rates. Consequently, dissipation of the H+ gradient at high concentrations of diclofop acid, realistically, cannot be considered evidence to support the hypothesis that diclofop-methyl acts primarily as a protonophore in agricultural systems. Furthermore, the acid form ofdiclofop has been shown to be the most effective protonophore in in vivo systems (16, 25) . However, diclofop-methyl is the only form of the herbicide used under field conditions. In roots of tolerant pea, the long-term response (48 h) to 100 Mm diclofop acid differed dramatically from that of 100 Mm diclofopmethyl (Fig. 6) . Consequently, the short-term response (<90 min) of intact roots, excised tissues, or isolated membranes to high concentrations of exogenous diclofop acid, in both sensitive and tolerant species, may not reflect the true herbicidal activity of exogenous diclofop-methyl in intact plants.
Diclofop has an asymmetrical carbon atom and therefore exists as both R(+)-and S(-)-stereoisomers. The R(+)-isomer was shown to be a much more potent inhibitor of fatty acid synthesis in isolated maize chloroplast (9) . However, Ratterman and Balke (20) , using isolated oat root vesicles, demonstrated that both enantiomers dissipated the nonmetabolic H+ gradient to the same degree (20) . Moreover, they reported that the ring hydroxylated diclofop, a weak or nonherbicidal metabolite of diclofop in plants (22) , increased the H+ permeability of the tonoplast as effectively as diclofop acid. Therefore, a lack of correlation between in vivo selectivity to different forms of the herbicide and membrane responses also suggests that the diclofop-mediated dissipation of H+ gradients observed in previous studies may not play an important role in the mode of action of these herbicides.
Tolerance to diclofop-methyl in wheat (1 1), and perhaps barley, is considered to be due to rapid herbicide metabolism. The sensitivity of fatty acid synthesis (8) or acetyl-CoA carboxylase (21) in these tolerant species was similar to that of susceptible species. However, insensitivity to the aryloxy phenoxy propionic acid herbicides in dicots has been reported to closely correspond with a lack of an inhibitory effect on fatty acid synthesis (8) and acetyl-CoA carboxylase activity in dicots (2, 3). Burton et al. (3) reported that acetyl-CoA carboxylase in pea chloroplasts was more than 1000 times less sensitive to diclofop acid than was the same enzyme in maize chloroplasts. Resistance to these herbicides also has been reported in grasses. In a naturally occurring biotype ofLolium multiflorum Lam., resistance to diclofop was associated with a 15-fold decrease in acetyl-CoA carboxylase sensitivity as compared to the susceptible biotype (5) . Similarly, the sensitivity of acetyl-CoA carboxylase activity to inhibition by haloxyfop in Festuca rubra L., which is a haloxyfop-tolerant grass species, was 20-fold less than the same enzyme in haloxyfop-sensitive Festuca arundinacea Schreb (23) . In comparison, Parker et al. (17, 18) found a 20-to 30-fold decrease in haloxyfop sensitivity in selected maize tissue culture lines to be due to either increased acetyl-CoA carboxylase activity (18) or reduced enzyme sensitivity (17) . The correlation between herbicide resistance and enzyme activity or sensitivity strongly support the hypothesis that acetyl-CoA carboxylase is the primary site of action of the aryloxy phenoxy propionic acid herbicides.
According to the model proposed by Wright and Shimabukuro (25) , the protonated form of diclofop would diffuse across the lipid bilayer of the plasma membrane into the more alkaline environment within the cytoplasm. As a response to the high pH, the neutral form would dissociate (pKa = 3.57).
The negatively charged dissociated diclofop would move back across the plasmalemma in response to the transplasmalemma electrical gradient. Under the conditions proposed by Wright and Shimabukuro (25) , it is reasonable to expect a portion of the diclofop anion in the apoplasm to move with the bulk flow of water in the transpiration stream. Herbicides which readily penetrate the plasmalemma of plant cells, including atrazine (10), nearly always display apoplasmic translocation patterns. However, Brezeanu et al. (1) demonstrated that only 4% of the absorbed herbicide translocated away from the point of application 96 h after treatment in wheat and oat leaves. Of that which translocated, much of the movement was through the symplasmic pathway. This suggests that the lipophilic acid ester is rapidly deesterified in the cytoplasm, but once hydrolyzed, exists predominantly as an impermeant anion.
From our results, and the work of others, it is unlikely that the primary action of diclofop-methyl and other aryloxy phenoxy propionic acid herbicides is to dissipate the proton gradient across the plasmalemma. Considerably more evidence supports the hypothesis that these herbicides primarily, and perhaps specifically, inhibit the activity of acetyl-CoA carboxylase. The subsequent block in fatty acid synthesis would lead to a rapid loss in membrane integrity, particularly in meristematic and elongation zones where membrane synthesis is occuring at a very rapid rate.
CONCLUSION
The primary effect of the herbicide diclofop has been suggested by others to be due to its action as a specific proton ionophore. Although we found low concentrations of diclofop-methyl to depolarize the Em in roots of intact oat seedlings, root growth was completely inhibited prior to any effect on the membrane. Furthermore, an inhibitory effect on maize root growth at a similar diclofop-methyl concentration was not accompanied by a corresponding depolarization in the Em. In contrast, the Em of maize root cortical cells was hyperpolarized relative to control 48, 72, and 96 h after diclofop-methyl treatment. Following exposure to 100 iM diclofop acid, the Em was rapidly depolarized in roots of susceptible oat and maize, moderately tolerant barley, and resistant pea. Thus, the protonophore hypothesis cannot account for differential species sensitivity to diclofop-methyl under greenhouse and field conditions. Since much of the previous work supporting the protonophore model was based on experiments conducted at 100 jiM diclofop acid, the wounding response reported from these experiments are probably unrelated to the primary inhibitory effect ofthe herbicide on plant growth in intact systems. Alternatively, it appears more likely that the herbicidal effect of diclofop and other aryloxy phenoxy propionic acid compounds is primarily due to an inhibition in acetyl-CoA carboxylase activity, a key enzyme involved in the regulation of fatty acid biosynthesis.
